Cubic boron nitride (cBN) particles coated with 20 wt% nanocrystalline TiN were prepared by coating the surface of cBN particles with TiO 2 , followed by nitridation with NH 3 gas at 900 C. Coating of TiO 2 on cBN powders was accomplished by a sol-gel process from a solution of titanium (IV) isopropoxide and anhydrous ethanol. An amorphous TiO x layer of 50 nm thickness was homogenously formed on the surface of the cBN particles by the sol-gel process. The amorphous layer was then crystallized to an anatase TiO 2 phase through calcination in air at 400 C. The crystallized TiO 2 layer was 50 nm in thickness, and the size of TiO 2 particles comprising the layer was nearly 10 nm. The TiO 2 on cBN surfaces was completely converted into nanocrystalline TiN of uniform particles 20 nm in size on cBN particles by nitridation under flowing NH 3 gas.
INTRODUCTION
Cubic boron nitride (cBN) is one of the hardest known materials with high hardness at high temperatures. [1] [2] [3] [4] It has high thermal stability and high thermal conductivity. 1 5 Even at high temperatures there is only a very small tendency for cBN to revert back to hexagonal BN (hBN), which is a great benefit during machining of ferrous components at high cutting speeds. 3 Polycrystalline cubic boron nitride (PCBN), a composite of cBN, is fabricated by sintering cBN powder with special ceramic materials as binders, and has been successfully employed in an approach that replaces the conventional grinding process for the finishing of hardened steel parts. 4 6 7 PCBN consists of micrometer-sized cBN grains dispersed in a matrix consisting of metal-carbides, nitrides or oxides. Among these matrix materials, compounds of titanium such as TiN, TiC and TiCN are the most widely used for the manufacture of PCBN composites. cBN reinforced composite tools are typically fabricated by sintering of the mechanically mixed cBN and TiN powders, but the microstructures often present an inhomogeneous distribution of cBN particles in the matrix. 4 7 In PCBN tools used for machining of hardened steels, a highly homogenous microstructure with reduced cBN-cBN particle bonding, * Author to whom correspondence should be addressed.
with binder materials based on titanium compounds that are chemically and thermally more stable as compared to cBN particles, is desirable. One method of increasing the homogeneity is to coat the individual cBN particles with the binder material. This would minimize the cBN-cBN interaction and increase the interfacial area between the cBN and the binder material. Previously, a TiN-TiB 2 coating on cBN particles with grain size less than 2 m was achieved using a molten salts technique. 8 However, it is very difficult to wash and completely remove the coated cBN particles from the lump of salts used in the process. Small amounts of non-reacted titanium metal particles, which act as titanium source for the disproportionation reaction in molten salts, are contained within the coated cBN powders. Moreover, the molten salts technique is further limited due to dissipation of toxic gases produced during the reaction. Recently, in order to increase the homogeneous distribution of second phase particles in the microstructure and enhance the electrical conductivity of the composites for electric discharge machining, sol-gel process has been employed to prepare TiN coated ceramic nanocomposites. [9] [10] [11] [12] [13] [14] The sol-gel approach simply allows compositional and microstructural tailoring through control over the precursor chemistry and processing conditions. It provides for excellent chemical homogeneity and the possibility of deriving unique metastable structures at low reaction temperatures. [15] [16] However, these studies In the present study, we extended the sol-gel technique to obtain cBN powders that were coated with nanocrystalline TiN particles. This was achieved by heterogeneously depositing TiO 2 on to the surface of cBN particles and subsequent nitridation by NH 3 gas. The morphology of the coating layer and the nanocrystalline size of the coated particles were characterized by scanning electron microscopy (SEM) and transmission electronic microscopy (TEM). A thermal analysis was performed to study the crystallization behavior of the coated layer and a phase analysis was carried out to confirm the structure of the coated layer at each step during the preparation of the final nanocomposite powder. Lattice parameters of nanocrystalline TiN on cBN powders were evaluated and compared with the value of pure TiN.
EXPERIMENTAL PROCEDURES

Preparation of TiN Coated cBN Composite
Particles cBN powder (Iljin diamond Co., LTD.) with a mean powder size of 0.5-1 m and titanium (IV) isopropoxide (Sigma-Aldrich) were used as starting materials for the preparation of TiO 2 coated cBN powder. cBN powders were subjected to fuming concentrated sulphuric acid to which potassium nitrate was added. After being washed and dried, the cBN powders were heated in air at 600 C for 30 min. Surface treated cBN was then suspended in anhydrous ethanol in a beaker to which titanium isopropoxide had been added for a concentration of 0.25 M, and the solution was ultrasonically dispersed for 30 min. The suspension was vigorously stirred with a paddle stirrer at about 500 rpm. The amount of titanium isopropoxide with respect to cBN was adjusted to 20 wt% of TiN in cBN. The solution of distilled water and ethanol was dropwise added into the vigorously-stirred mixed suspension of cBN and titanium isopropoxide at a constant speed of 0.5 ml/min at 25 C, and the final Ti/H 2 O molar ratio was adjusted to 1:35. The titanium isopropoxide was hydrolyzed to form amorphous TiO x particles on the surface of the cBN powders. The resulting mixture was heated at 65 C for 12 hrs. The resulting coated particles were removed from suspension by spray drying process. The as-prepared TiO x -cBN nanocomposite powders were calcinated at 400 C for 2 hrs followed by nitridation at 900 C at a heating rate of 5 C/min to obtain nanocrystalline TiN coated cBN composite powders. NH 3 gas was employed as a nitriding medium with a flow rate of 1000 ml/min for 6 hrs. The nitrided powders were taken out from the furnace after cooling down to room temperature under a flow of N 2 gas.
Characterization of Nanocomposite Powders
The as-prepared TiO x coated cBN nanocomposite powders were subjected to TGA (Setsys 16/18, Setaram) and DSC (DSC 404C, Netzsch) analysis at a heating rate of 5 C/min up to 1000 C in an air atmosphere. The morphologies of the prepared TiO 2 coated cBN nanocomposite powders and nanocrystalline TiN coated cBN composite powders after nitridation were characterized by SEM (XL30SFEG, Philips) and TEM (model Tecnai G2 F30, FEI) with electron diffraction and energy dispersive X-ray analysis (EDS). The phase compositions of the nanocomposite powders were identified using X-ray diffractometry (XRD; model D/MAX IIIC, Rigaku) and the lattice constant of TiN was measured by the Nelson-Riley equation. Elemental analysis (EA1110-FISONS, Thermo Finnigan) was carried out to confirm the amount of oxygen present in the TiN coated cBN powders.
RESULTS AND DISCUSSION
DSC and TG analyses were performed on the sol-gel coated cBN powder in the temperature range from 25 to 1000 C with a heating rate of 5 C/min in air for the as-prepared coated cBN particles prepared by the sol-gel process. In Figure 1 , the first stage of mass loss can be ascribed to the evaporation of water until 100 C. The second stage of mass loss is caused by the decomposition of residual organic precursor material until 400 C. No further mass loss can be observed in the last stage from 400 to 1000 C. Crystallization of nano-sized anatase TiO 2 takes place at around 380 C. This is shown by the exothermic peak obtained at 388 C in the DSC curve. The conversion of anatase to rutile occurs at roughly 600 C, as shown by the second and smaller exothermic peak at 598 C. The SEM images in Figure 2 show the surface morphology of the cBN particles in various stages of their preparation. The uncoated cBN, shown in Figure 2 (a), has sharp edges and a cleavage fracture surface resulting from the crushing of cBN grit. This is the typical morphology of the cBN powders which have a powder size of 0.5-1 m, used for coating. The cBN particles are covered with a fine layer of titania after the sol-gel process. As seen in Figure 2 (b), these sol-gel coated cBN particles possess very smooth surface edges. However, this smooth surface layer is transformed to particulate morphology after nitridation treatment. Energy dispersive X-ray spectroscopy on the nitrided particles revealed the presence of N along with Ti, thus suggesting that these small particles are nanocrystalline coated TiN. Figure 3 shows the XRD patterns of the coated cBN powders in different stages of their preparation. In the case of the as-prepared sol-gel coated powders, peaks due to cBN only were observed, thus indicating that the coated material is an amorphous phase. After calcination, anatase TiO 2 peaks were seen to coexist with the cBN phase. Complete conversion from TiO 2 to TiN after nitridation was observed by XRD. The crystallite size of the TiN nanoparticles was determined to be about 20 nm according to Scherrer's equation:
where is the wavelength of the X-ray radiation (CuK = 0 15406), K is a constant having a value 0.89, is the line width at half maximum height, and is the diffraction angle. The lattice constant of TiN, measured by extrapolation from the Nelson-Riley equation 17 in Figure 4 , was 4.225 Å, which is smaller than the value of pure TiN (a 0 = 4 250 Å), 18 indicating that the TiN contains a small amount of oxygen. 9 The elemental analysis results confirmed that roughly 3 wt% oxygen was present in the TiN coated cBN powders. The f.c.c. TiN x phase is chemically stable over a wide stoichiometric composition (0.5≤ x ≤ 1.2). In substoichiometric TiN 1−x , the most significant defect is the nitrogen vacancy; in contrast, in nitrogen-rich TiN 1+x , excess nitrogen behaves like an interstitial defect. 19 Due to the strong affinity of oxygen with titanium and the tendency of TiN to contain a high concentration of point defects, a minute fraction of oxygen atoms may remain in the TiN lattice after nitridation.
A TEM image of spray dried TiO x coated cBN nanocomposite particle corresponding to 20 wt% TiN is shown in Figures 5(a), (b) . The coated layer homogenously covers the entire cBN particle. The arrow in the figure points to the interface between the coated layer and the cBN surface. The thickness of the coated layer is about 50 nm. It is observed that the coated layer forms uniformly over the cBN surface. Selected area diffraction patterns confirm that the as-prepared titania coated layer obtained by the sol-gel process is amorphous. No patterns related to TiO 2 were obtained, while spot patterns corresponding to cBN substrate are detected. Figures 5(c, d) shows the TEM morphology of the TiO 2 coated layer after calcination in air. It is evident that, upon crystallization, the smooth amorphous coated layer changes to nanocrystalline particles 10 nm in size. However, the thickness of the coated layer remains the same, at around 50 nm. It is also observed that the uniformity of the layer thickness is retained upon calcination. The ring in the selective area diffraction pattern shows the anatase phase of TiO 2 , while the spot patterns correspond to cBN. This is in agreement with our DSC results which predicted that titania would exist in its anatase form at a calcination temperature of 400 C. Nanocrystalline TiN coated cBN composite particles were obtained after nitridation of TiO 2 coated cBN nanocomposite particles with NH 3 gas at 900 C. As shown by Figures 5(e, f) , due to the high temperatures involved during nitridation, the coated TiN particle size increased to approximately 20 nm. This value is in compliance with the crystallite size measured by XRD. Rings in the selected area diffraction patterns indicate the formation of TiN. Therefore, it is found that cBN particles are successfully coated with nanosized TiN and the cBN particles are surrounded by strongly adhered TiN nanoparticles. Upon transformation from TiO 2 to TiN, it is assumed that a change in the morphology of the coated layer on the surface of cBN occurred due to the higher density of TiN and grain growth at high nitridation temperature.
The schematic diagram in Figures 6 shows the morphological variations of the coated layer during the preparation of nanocrystalline TiN coated cBN particles by the sol-gel process. This coating method employing nitridation of sol-gel coated TiO 2 is expected to reduce the cBN/cBN contact area after a consolidation process, as it provides a uniform distribution of coated TiN particles on the cBN surface.
CONCLUSIONS
Cubic boron nitride powder was successfully coated with nanocrystalline TiN by a sol-gel process. It is seen that, prior to the formation of TiN nanocrystals, the cBN particles are coated with a smooth and uniform coating layer. After nitridation in NH 3 gas, TiN particles of 20 nm in size were uniformly formed on the surface of cBN, as characterized by TEM and XRD analysis. Nitridation of sol-gel coated TiO 2 ensures that the coated TiN particles adhere well to the cBN surface and, more importantly, are uniformly distributed on the cBN surface.
